The promoters of the latency-associated transcripts (LATs) 
The promoters of the latency-associated transcripts (LATs) of herpes simplex virus type 1 (HSV-1) strains KOS and McKrae were compared to examine their influence upon the reactivation phenotypes of these two strains. Unlike strain KOS, McKrae is readily reactivatable using in vivo reactivation models. We found greater than 96 % sequence conservation between KOS and McKrae in the LATs promoter region, and both promoters showed equivalent basal and inducible activities. An inter-strain recombinant (termed MK13) was constructed in which the LATs promoter of HSV-1
McKrae was recombined into the background of HSV-1 strain KOS. In a murine u.v. light-induced reactivation model, virus shedding was detected by eye swabbing in two of 44 (5 %) mice infected with KOS, 20 of 42 (48 %) mice infected with McKrae and none of 45 (0 %) mice infected with MK13. These data show that the LATs promoters of these viruses are structurally and functionally similar and that transfer of the LATs promoter from McKrae into KOS is insufficient to confer a reactivatable phenotype.
Herpes simplex virus type 1 (HSV-1) can establish lifelong latent infections in neuronal tissues (Wildy et al., 1982) . The virus enters the host and replicates at peripheral sites and is then transported intra-axonally to neuronal cell bodies in the sensory ganglia, where latency is established. During latency no infectious virus can be detected and the only viral gene products detected to date in vivo are the latency-associated transcripts or LATs (Stevens et al., 1987) . Several groups have demonstrated that the LATs are required either for the efficient establishment or the reactivation of latency (Leib et al., 1989a; Steiner et al., 1989; Hill et al., 1990; Sawtell & Thompson, 1992a; Wechsler et al., 1994) . The molecular basis for the induction of HSV reactivation in vivo is not understood. Moreover, it is clear that not all strains of HSV-1 behave comparably in animal models under conditions that induce reactivation in vivo (Hill et al., 1987; Sawtell & Thompson, 1992b) . For example, the KOS strain reactivates poorly in in vivo models and t Present address: Program in Biomedical Sciences, University of California San Diego, La Jolla, California 92037, U.S.A.
The DNA sequence data reported in this article have been deposited with the GenBank database and assigned the accession numbers L15437 for HSV-1 strain KOS and L15438 for HSV-1 strain McKrae. exhibits low neurovirulence (Smith, 1964; Dix et al., 1983; Thompson et al., 1986; Gordon, 1990) , whereas McKrae is highly reactivatable (Williams et al., 1965; Willey et al., 1984; Shimeld et al., 1990; Laycock et al., 1991) . The genetic basis for this difference is not known, although Batra & Brown (1990) showed by use of intertypic recombinants that sequences between map units 0.35 to 0'56 and 0-82 to 1.0 do not mediate the reactivation difference between McKrae (HSV-1) and HG52 (HSV-2). In addition, Ling et al. (1993) proposed that alterations in the LATs promoter may affect the ability of HSV-1 strains to reactivate, although the role of strain-specific LATs sequence alterations in reactivation has not been addressed. In this study we have begun to examine the genetic basis for the differences in the reactivatability of HSV-1 strains KOS and McKrae. We constructed an HSV-1 McKrae genomic library and compared the sequences of the LATs promoters of strains McKrae and KOS. We examined these promoters in transient chloramphenicol acetyltransferase (CAT) assays and constructed inter-strain recombinants to test whether the transfer of McKrae LATs promoter sequences into KOS could confer the ability to reactivate in vivo.
To construct a genomic library, purified HSV-1 McKrae DNA was prepared and cleaved with BamHI. (118543) 421 ( All enzymes utilized for these constructs were obtained from New England BioLabs and were used according to the manufacturer's instructions. Resulting fragments were randomly ligated into pGEM-7 (Promega) that had been cut with BamHI and treated with calf intestinal phosphatase. Colonies that had been transfected with these constructs were screened by colony hybridization and Southern blotting using corresponding nicktranslated fragments of an HSV-1 strain KOS library as probes (Goldin et al., 1981 ; Sambrook et al., 1989 et al., 1991) . These were ligated into the EcoRV site of vector pGEM5D3 (Leib et al., 1991) . Both KOS and McKrae LATs promoter fragments (pLATPvuKF and pLATPvuMF, respectively) were sequenced using materials according to the manufacturer's instructions (Sequenase, U.S. Biochemical), except that the termination reactions were carried out at 42 °C. This portion of the genome contains a number of consensus cis-acting sequences including an AP-2 site, two Spl binding sites, a CAAT box, overlapping TAATGARAT motifs, a LATs promoter binding factor (LPBF) site, a cAMP-responsive element (CRE) and a TATA box (Zwaagstra et al., 1990 (Zwaagstra et al., , 1991 Leib et al., 1991) . As can be seen in Fig. 1 , with the exception of the LPBF, both the KOS and McKrae strains share complete identity for these cis-acting sequences with each other and strain 17 (McGeoch et al., 1991) . In addition to the conservation of cis-acting sequences, the regions flanking these motifs are also highly conserved (> 96 % identity) with the exception of the substitutions, insertions and deletions shown. It is of interest that KOS has a single base substitution (CCATGTGG in place of CCACGTGG) in the LPBF site. The LPBF plays a major role in the regulation of the LATs in transient assays and this same base substitution has been proposed to mediate the differential reactivatability of the KOS-63 and H129 strains (Ling et al., 1993) .
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In order to study transient transcriptional activation, the LATs promoters of strains KOS and McKrae were cloned in front of the CAT gene. The constructs pLATPvuKF and pLATPvuMF were cut with SphI and HindIII and the resultant 677 bp fragment containing the LATs promoter was purified and ligated into SphI/HindIII-cut pLHp5 (Leib et al., 1991) to yield pPvuCATK for strain KOS and pPvuCATM for strain McKrae. Transfection of PC12 cells was performed as described (Gorman et al., 1982) . PC12 cells were cultured in a humidified incubator at 37 °C with 12% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM-L-glutamine, 5 % newborn calf serum and 5 % horse serum (Gibco-BRL). To this 1 mMdibutyryl-cAMP (Bt~cAMP) or 10 gM-forskolin (Sigma) was added 20 h later and the cells were incubated for an additional 18 h prior to harvest and assay. The two promoters were indistinguishable in their abilities to stimulate basal level CAT expression (Fig. 2) . The LATs promoter of strain KOS has been shown to be cAMPresponsive (Leib et al., 1991) and we therefore wished to compare the cAMP-responsiveness of the KOS and McKrae constructs. The effect of 1 mM-Bt2cAMP or 10 gM-forskolin in two independent experiments was to stimulate CAT expression from the KOS and McKrae promoters from 1.7-to 3.4-fold above their uninduced levels (Fig. 2) . These experiments show that there was no significant difference in the ability of the two promoters to be stimulated by cAMP and that the single nucleotide substitution in the LPBF motif of KOS does not affect either LATs promoter activity in PC12 cells (Fig. 2) . We wished to investigate whether the HSV-1 McKrae LATs promoter could confer the ability to reactivate in vivo upon HSV-1 KOS and tested this by the generation of KOS/McKrae inter-strain recombinants. Initially we constructed a KOS recombinant for marker transfer selection by insertion of a lacZ gene into the LATs promoter. The 4 kb EcoRI/SaII plasmid, pREX (Rader et al., 1993) , containing the KOS LATs promoter was cut with PstI, blunt-ended, and BamHI linkers were added to yield pREXBam. We then isolated the 4.2 kb ICP6 (UL39) promoter/lacZ-containing fragment from pD6P (kindly provided by Dr Sandra Weller; Goldstein & Weller, 1988) by BamHI digestion and ligated it into BamHI-cut pREXBam to yield pREXpD6P. Infectious HSV-1 KOS DNA was prepared and cotransfected with pREXpD6P into Vero cells and the progeny virus was screened by staining with 300 gg per ml of X-Gal in 0.01% neutral red stain (Sigma). Vero cells were propagated in a humidified incubator at 37 °C with 5 % CO~ in DMEM supplemented with 2 mM-g-glutamine and 10 % fetal bovine serum (Gibco-BRL). Procedures for the growth and assay of the KOS strain of HSV-1 have been previously described and identical procedures were employed for growth and assay of HSV-1 strain McKrae and the inter-strain recombinants (Schaffer et al., 1978) . Blue-staining plaques were picked and amplified to yield the recombinant d/Pstflgal. Correct insertion of the lacZ cassette was confirmed by Southern blotting (data not shown) and the virus was plaquepurified three times (Sambrook et al., 1989; DeLuca et at., 1984) . This virus was subsequently used for the rapid selection of inter-strain recombinants as described below.
Infectious DNA was prepared from d/Pstflgal and cotransfected with BamHI b from the HSV-1 McKrae DNA library. Approximately 3 % of the plaques stained white, indicating replacement of the lacZ fusion gene with sequences from strain McKrae BamHI b fragment. A white-plaque virus was isolated, analysed by Southern blotting and plaque-purified three times to yield the inter-strain recombinant named MK13. The genotype of the virus was confirmed by Southern blotting (Fig. 3) . When digested with PmlI and probed with nicktranslated pPst (Fig. 4) strain KOS (Fig. 3, lane K) gave a 1-molar band of 9.5 kb and a 1-molar 5.3 kb band. This is consistent with the loss of a PmlI site at positions 7635 and 118732 (numbering of McGeoch et al., 1991) in the TR L and IR L regions when compared with strain 17 sequences. This PmlI site polymorphism is coincident with the T to C base substitution in the LPBF of strain KOS relative to strains 17 and McKrae (Fig. 1) . Strain McKrae (Fig. 3 , lane M) gave bands at 7.2 kb, 3.2 kb and 2.3 kb, conserved with predictions from the strain 17 sequence. The 2-3 kb band is supermolar for the McKrae strain since it occurs in two copies (Fig. 4) . As expected, the pPst-probed profiles of two isolates of MK13 were essentially identical to that of strain McKrae, the supermolar 2.3 kb band being consistent with the introduction of the HSV-1 McKrae PmlI sites at positions 7635 and 118 732. This blot confirmed that the LATs promoter of KOS had been replaced by the McKrae EATs promoter in both copies in MK13. The 3-0 kb band of MK13 is smaller than the corresponding band of strain McKrae (3.2 kb), indicating that the MK13 PmlI site marked by an asterisk in Fig. 4 must be derived from HSV-1 KOS, which has a polymorphism at this site. This gives an indication of the possible limits of recombination. The exact locations of the recombinations that yielded these white-plaque viruses have not been determined, although clearly the minimum amount of sequence transfer necessary for the Southern blotting genotype and white-plaque phenotype of the MK13 virus is the PstI-PstI fragments from positions 7504 to 7707 and 118660 to 118863 (numbering system of McGeoch et al., 1991 from the virus a EATs-negative virus is produced showing that these sequences constitute an essential portion of the EATs promoter (Dobson et at., 1989) . It is likely, however, that sequences outside of these relatively small fragments have been transferred in addition, although further work is necessary to determine this. HSV-1 strains KOS, McKrae, d/Pstflgal and MK13 were tested in one-step growth assays in Vero cells as previously described (Schaffer et al., 1971) and each of the viruses grew to high titres with comparable kinetics (data not shown). We next tested the abilities of these viruses to replicate and reactivate in vivo. Four-to 6-week-old NIH inbred female mice were concurrently inoculated with hyperimmune serum, anaesthetized and their right corneas were scarified and 5 gl of medium containing 1 x 106p.f.u. of HSV-1 McKrae, KOS or MK13 was applied (Shimeld et al., 1990; Laycock et al., 1991) . As a measure of acute infection, three days postinoculation the corneas were swabbed and the trigeminal ganglia were removed from a subset of the mice and assayed for infectious virus (Leib et al., 1989b) . As shown in Table 1 , each of the viruses grew to similar titres in eyes and ganglia. Prior to reactivation by u.v. irradiation at 5 weeks post-infection, eye swabbing revealed no spontaneous shedding. To induce reactivation, the mice were irradiated with 2500 J/m 2 of u.v.B using a UVP TM 20 transilluminator (San Gabriel). Corneas were swabbed daily from 1 to 7 days post-irradiation and the swab material was cultured on Vero cells. The virus recovery for each group is shown in Table 1 as the total numbers of animals that shed detectable virus at any time in the 7 day assay period. In a series of two independent experiments, virus recovery peaked on day 3 post-irradiation, consistent with previous experiments (Laycock et al., 1991) . HSV-1 strain McKrae was recovered from 20 of 42 (48%), strain KOS from two of 44 (5 %) and MK13 from none of 45 (0%) latently infected animals. The conclusion from these experiments is that the HSV-1 McKrae LATs promoter alone is not sufficient to confer a reactivatable phenotype. Other genes within the BamHI b fragment include ICP27 (IE63) and the second and third exons of ICP0 (IE110), a gene which has been implicated in HSV reactivation (Harris et al., 1989; Leib et al., 1989 b) . With this in mind, we examined the ability of other BamHI b KOS/McKrae recombinants to reactivate in vivo to examine whether viruses resulting from a presumed wider spectrum of recombination events would yield a reactivatable virus. To address this, we made a high titre stock of a mixed population of 10 additional whiteplaque viruses, termed MK10W, which were picked during the first round of plaque purification following transfection of d/Pstflgal infectious DNA with the plasmid BamHI b from the HSV-1 McKrae DNA library. NIH mice were infected with 1 x 10 n p.f.u, of either McKrae or MK10W as described above and irradiated 5 weeks post-infection. In this experiment, 11 of 19 of animals latently infected with strain McKrae yielded virus but none of 30 animals infected with MK10W yielded virus. Although the precise limits of the recombination events which resulted in the white-plaque viruses of MK10W are not known, these results show that the LATs promoter is insufficient to confer in vivo reactivatability upon KOS. The precise mechanism by which the LATs function in the establishment and reactivation of HSV-1 latency remains unknown (Fraser et al., 1993) . Indeed, at the level of mapping of transcripts and cis-acting sequences, the current understanding of this genetic element is poor. The large number of potential regulatory elements in the LATs promoter, especially those which are inducible (e.g. CRE and AP-2) or neuron-specific (LPBF) have led to previous speculation that induction of the LATs, perhaps during the early stages of reactivation, enhances the egress of virus (Ling et at., 1993) . Although it is clear from a number of other studies that the LATs play some role in the reactivation process, we conclude from this work that differences in the cis-acting sequences of the LATs promoter cannot alone account for the reactivatability differences between strains McKrae and KOS. Consistent with this, in our functional characterization of the KOS and McKrae promoters in CAT assays, the activities were similar in terms of both basal activity and inducibility by cAMP. Direct comparisons of LATs levels in vivo for strains KOS and McKrae are currently in progress. These results notwithstanding, the use of intertypic recombinants has been most valuable in the identification of viral genes that are involved in HSV neurovirulence and reactivation (Thompson et al., 1986; Day et al., 1988; Batra & Brown, 1990) . The use of larger fragments of our McKrae DNA library should facilitate analogous studies of reactivation and the generation of defined HSV-1 McKrae mutants. Indeed, by exploiting the in vivo selection provided by the u.v.-induced reactivation system, it may be possible to identify reactivatable KOS/McKrae inter-strain recombinants based upon their disparate reactivation phenotypes in this model; such studies are currently in progress in our laboratories.
